1. Background {#sec93193}
=============

Vascular complications due to atherosclerosis are a main cause of death worldwide ([@A24691R1]). Atherosclerosis, which is the major risk factor, is accelerated in Cardiovascular Diseases (CVD). Therefore, detection and quantification of atherosclerosis disease is important to monitor treatment and the possible restrictions of acute events ([@A24691R2], [@A24691R3]). Angiography is the gold standard method to evaluate arterial lesions in medical research, but it has some disadvantages such as being invasive, surgical complications, and ionizing radiation risks; therefore, it is not a good screening tool. Hence, a non-invasive assessment method that is away from ionizing radiation risks to the prognosis of this fatal injury can be effective in the treatment ([@A24691R4]).

Recent improvements of ultrasound systems provide a non-invasive evaluation of arteries. Evaluation of artery sonography with B-mode method, including carotid artery is a simple and quantitative method. It not only shows the structural and functional changes in the carotid artery but it is also a non-invasive method for early diagnosis of atherosclerosis in artery wall ([@A24691R5], [@A24691R6]).

Different types of arterial wall markers such as arterial wall thickening and stiffening, endothelial dysfunction and coronary artery calcification are currently available ([@A24691R7]-[@A24691R9]). Among them, Intima-Media Thickness (IMT) is a safe, simple, and inexpensive method to assess subclinical atherosclerosis, and an independent index of atherosclerosis events ([@A24691R10]). In sonography with B-mode method, wall thickness and vessel diameter can be directly measured since image acquisition of arterial wall can be obtained in a dynamic behavior throughout the cardiac cycle as the artery expands and contracts with each cardiac pulsation and relaxation, respectively ([@A24691R6]). Repeated measurement of the arterial walls is possible by this technic, but most researchers use manual tracing to evaluate arterial properties ([@A24691R10], [@A24691R11]), which is unreliable since it is based on subjective operator assessment and is time-consuming. Some studies suggest that an automated algorithm to measure arterial properties is preferable. The automated techniques offer a lot of benefits. They are proper for ample database multi-center studies. The automated algorithms ease the design of multiple original equipment manufacturing data comparisons. Moreover, they lay the foundation for better accuracy and reproducibility of the studies and raise the specificity of the overall system by preventing the subjective settings. Finally, automated techniques reduce the laborious and tedious operator dependency in ultrasound IMT measurements ([@A24691R11]-[@A24691R14]).

2. Objectives {#sec93194}
=============

Besides the above-mentioned matters, substantial temporal variability in IMT during systole and diastole and among cardiac cycles is not widely used in clinical practice ([@A24691R15]). To improve hindrances to the clinical implementation of carotid IMT changes as a risk assessment tool, the current study aimed to evaluate IMT changes on common carotid artery (CCA) throughout the cardiac cycle by the proposed computerized semi-automated method in sequential 2D ultrasound images.

3. Patiants and Methods {#sec93198}
=======================

3.1. Study Population {#sec93195}
---------------------

In a cross-sectional design, an examination was performed on thirty subjects at a mean age of 40 ± 5 years from April 2013 to June 2013 through random sampling. The group study included healthy volunteers who referred to Beheshti Hospital affiliated to the Kashan University of Medical Sciences, Kashan, Iran. None of the subjects had a history of cardiovascular and/or cerebrovascular disease (all had normal physical examination, resting Electrocardiography (ECG), echocardiography and none was taking medicine), hypertension (blood pressure \< 140/90 mmHg), diabetes mellitus (fasting blood glucose \< 110 mg/dL, HbA1c \< 5.8%), hypercholesterolemia (\< 220 mg/dL), and tobacco abuse (volunteers had never smoked) ([@A24691R16], [@A24691R17]). All subjects signed informed written consent prior to participation in the study. This study was approved by the ethics committees of Kashan University of Medical Sciences and Beheshti Hospital, Kashan, Iran (Iran; code ethical approval, 9139; approval date, 05/08/2012).

3.2. Ultrasound Studies and Offline Analysis {#sec93196}
--------------------------------------------

Before ultrasonography, the subjects rested for at least 10 minutes in the supine position until their heart rate and blood pressure reached a steady state. Blood pressure and heart rate were recorded with an oscilloscopic blood manometer (ALP K2, Adult Cuff, ± 1 mmHg, Tokyo, Japan) and a wrist manometer (Microlife, ± 3 mmHg, Germany) on the left brachial and radial arteries with the subject in a supine position, respectively. Measurements were performed in a temperature-controlled room according to current guidelines ([@A24691R18]).

The left CCA of the subjects, 2-3 cm proximal to the bifurcation, was examined with a Sonoline Antares Ultrasound System equipped with a 5-13 MHz linear transducer (Siemens, Germany) by an expert sonographer in the radiology department at Beheshti Hospital. Dynamic range, gray level, and depth of focus were 55 dB, 0 to 255, and 3.5 cm, respectively ([@A24691R19]). The Audio Video Interleaves (AVI) format of the consecutive images of the common carotid artery with a frame rate of 30 frames per second was transferred to a personal computer for post processing. The recording contained 90 frames (almost three cardiac cycles) while the left CCA was scanned in the longitudinal direction. The program was designed in MATLAB software version 7.0.1 (Math Software Co., Math Works, USA) to extract consecutive images in the bitmap image file format from the movies with Audio-Videio Inteleave (AVI) format (image size: 547 × 692 pixel^2^).

For offline analysis, proposed computerized analysis algorithm was used to detect instantaneous changes on the carotid IMT in sequential ultrasound images throughout three cardiac cycles. In this method, the reference points and the cost function were based on dynamic programming and a maximum gradient algorithm, respectively ([@A24691R20]). The algorithm was run for measuring the instantaneous changes in the IMT of the common carotid artery relative to the probe. The first step was to select the examination scope for the longitudinal axis of the artery. The points were placed manually in middle of the far wall in CCA on the first image of the sequence. Then, by placing reference points on the top and bottom far wall of the common carotid artery, the estimated boundaries were formed ([Figure 1](#fig17947){ref-type="fig"}). The points were connected by straight lines. The boundary point was selected in such a way that the gradient of the pixel maximized. The ultrasonic image pixel had a dimension of 0.06×0.06 mm^2^. By interpolation, 100 boundary points were obtained, and by considering the measurements in three cardiac cycles, measuring error would become less than 0.005 mm. The instantaneous changes in the carotid IMT were extracted by semi-automated computerized edge detection software ([@A24691R20]). Application of the suggested method to all of the frames generated a sequence of IMT of CCA in three cardiac cycles. The IMT measurements determined by the presented method were evaluated for accuracy by comparison with conventional manual methods. The manual tracing was performed using Image Tools Software (Microsoft, Texas, USA) and the mean of the three measurements was used to determine the IMT in diastolic (IMT~d~) and systolic (IMT~s~) of the CCA.

![A Typical Common Carotid Artery 2D B-Mode Sonographic Image\
(A) Star markers represent the examination scope for the longitudinal axis in the middle of the far wall common carotid artery; (B) Star markers represent reference points in the far wall of the common carotid artery.](ircmj-17-03-24691-g001){#fig17947}

3.3. Statistical Analysis {#sec93197}
-------------------------

The statistical analyses were performed using SPSS version 13.0 software (SPSS Inc. Chicago, IL, USA). All of the continuous variables were presented as mean ± Standard Deviation (SD). The data were tested for normal distribution using the Kolmogorov-Smirnov (K-S) test. To determine the significance of the differences in the values between the two methods, paired t-test analysis was performed. P value ≤ 0.05 was considered statistically significant. Pearson\'s correlation coefficient and linear regression functions between the results of the proposed and manual methods were estimated with P value ≤0.05. The agreement between the proposed and manual methods was analyzed according to Bland-Altman analysis ([@A24691R21]). The required sample size for the study is as follows from [Equation 1](#EQ2203){ref-type="disp-formula"}:
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Where Z~1-α/2~is the normal deviate at a level of significance (Z~1-α/2~is 1.96 for 0.05 level of significance), Z~1-β~ is the normal deviate at 1-β% power with β% of type II error (0.84 at 80% statistical power), σ and δ are standard deviation and difference of means of pairs ([@A24691R22]). Intraobserver variability (by one expert sonographer) and interobserver variability (by two expert sonographers) in 15 subjects were the differences between measurements expressed as a percentage of the error of the means. Reproducibility of each experiment was reported as a coefficient of variance percent (%COV).

4. Results {#sec93199}
==========

The ultrasonic examination of the left CCA of thirty human subjects (aged 40 ± 5 years) with no history of cardiovascular and/or cerebrovascular diseases, hypertension, diabetes mellitus, and tobacco abuse was performed. Their Body Mass Index (BMI) was 25 ± 2 kg/m^2^; systolic pressure, 125 ± 15 mmHg; diastolic pressure, 78 ± 5 mmHg; and heart rate (HR), 72 ± 5 bpm. All samples were male, holding high school diploma, 27 were married and three were single. The algorithm was run for measuring IMT changes in the far wall of the CCA throughout three cardiac cycles in all 30 subjects ([Figure 2](#fig17948){ref-type="fig"}). Basically, the IMT of the artery wall was the thinnest during systolic phase at the point of peak arterial enlargement, and the thickest at diastolic phase when the artery diameter was the smallest. The results of IMT~s~ and IMT~d~ of the left CCA were presented in [Table 1](#tbl23798){ref-type="table"}. The statistical analysis showed no difference between the proposed and manual methods (P \> 0.05).

There was a significant correlation between the IMT measured by the proposed and manual tracing methods (r = 0.94, P \< 0.001 and r = 0.93, P \< 0.001 for IMT~s~ and IMT~d~, respectively) ([Figure 3](#fig17949){ref-type="fig"}). The linear regression analysis predicted the regression function between IMT~s~ measured by manual tracing and the proposed methods as:

The regression function between IMT~d~ measured by manual tracing and the proposed method was predicted as:

Bland-Altman analysis indicated the difference between the estimated IMT changes and the middle line as the mean difference between the two methods, whereas the outer lines represent 1.96 SD or the 95% limits of agreement (LOA) ([Figure 4](#fig17950){ref-type="fig"}). There was narrow LOA and considerably high agreement between the two methods. The mean difference for the measured IMT~s~ and IMT~d~ were 0.006 ± 0.002 mm and 0.005 ± 0.001 mm, respectively.

Intraobserver and interobserver variabilities were 1.17 and 1.54%; 2.04 and 2.36% for IMT~s~ of semi-automated and manual methods, respectively. Intraobserver and interobserver variabilities were 1.11% and 1.48%; 2.12% and 2.47% for IMT~d~ of the proposed and manual methods, respectively. The coefficient of variation percent (COV%) in IMT~s~ and IMT~d~ for the proposed method was 18%, and 16%, respectively. The coefficient of variation percent (COV%) in IMT~s~ and IMT~d~ for manual tracing was 26% and 28%, respectively.

![Instantaneous Changes in IMT of Common Carotid Artery by the Proposed Computerized Method, and Manual Method Throughout Three Cardiac Cycles, Respectively. Time resolution is 33 Milli second](ircmj-17-03-24691-i001){#fig17948}

###### Comparison the changes of Intima-Media Thickness During Cardiac Cycles with the Proposed and the Manual Methods ^[a](#fn21909){ref-type="table-fn"}^

  Variables        Manual Method   Proposed Method   P Value
  ---------------- --------------- ----------------- ---------
  **IMT~s~, mm**   0.57 ± 0.10     0.56 ± 0.10       0.188
  **IMT~d~, mm**   0.63 ± 0.16     0.62 ± 0.10       0.122

^a^ Abbreviations: IMT~s~, intima-media thickness in systolic phase; IMT~d~, intima-media thickness in diastolic phase.

![Scatter Plot Demonstrating the Correlations for IMT in Systolic Phase (IMT~s~) and IMT in Diastolic Phase (IMT~d~) Measurements Between Proposed Computerized Analysis and Manual Tracing](ircmj-17-03-24691-i002){#fig17949}

![Relative Bland-Altman Plots of Differences Between the Methods for Intima-Media Thickness in Systolic (IMT~s~) and Diastolic (IMT~d~) Phases. The Outer Lines Represent 1.96 SD or 95% Limits of Agreement (LOA)](ircmj-17-03-24691-i003){#fig17950}

5. Discussion {#sec93200}
=============

Although the pathogenesis of CVD is difficult, atherosclerosis is thought to play a major role. Preventive measures taken early in life might more properly overcome the cardiovascular disease epidemic by putting back atherosclerosis or delaying the occurrence of clinical CVD ([@A24691R23], [@A24691R24]). Since the carotid artery is proper to study, because of its superficial position and its relative thickness, considerable attention is recently directed to the CCA wall thickness as an early marker of asymptomatic cases over 40 years of age ,and it can have a predictive role for risk assessment ([@A24691R23]). Jadhav et al. showed that detection of atherosclerosis in the CCA using B-mode ultrasound is a simple, non-invasive, and reproducible clinical method to evaluate atherosclerosis in patients with Coronary Artery Disease (CAD) ([@A24691R25]). The CCA is close to the skin, pretty straight, and well imaged, allowing carotid IMT to be measured easily ([@A24691R26]). Besides, the CCA is approximately a cylinder and allows the use of mathematical models to measure stiffness and compliance ([@A24691R27]). According to these facts, the current study was performed on CCA. The early study demonstrated two double echogenic lines separated by a hypoechoic space in CCA. The distance between the two lines (B-mode image of IMT) was measured and correlated with the thickness of different compositions of layers evaluated by large and microscopic test ([@A24691R5]). van den Oord et al. ([@A24691R28]) illustrated the correlations between extravascular and intravascular ultrasound analysis and histology of near and far wall measurements in CCA. They showed a proper correlation between far wall measurement in CCA ultrasound and histological analyses, whereas there was poor correlation in near wall measurement of CCA between both examinations. Another study showed that the relationship between carotid IMT and risk factors were more potential for the far wall measurement rather than the near one ([@A24691R29]). Other studies deduced that the inherent drawback and error in evaluation edges of the CCA near wall, as opposed to the leading edge of echogenic frameworks represented by an echolucent vessel lumen, explained the observed differences ([@A24691R30]). According to these findings, the current study focused on the CCA. With B-mode ultrasound, IMT on CCA far wall can be measured by calculating the arterial movement during cardiac cycles. Moreover, repeated measurement of arterial function can be performed with B-mode ultrasound. This technique can evaluate atherosclerosis progression. In most studies, the manual tracing method is used to measure arterial diameter and IMT changes in cardiac cycle ([@A24691R12]). The manual tracing method is not only subjective to operator assessment but also time-consuming ([@A24691R31]). The current study showed that high resolution B-mode ultrasound can assess the wall properties of artery during the cardiac cycle using a computerized analysis method. Different image analysis algorithms were investigated for automated ultrasonic boundary detection including the dynamic programming, maximum gradient, model-based, and matched filter algorithms. These methods were implemented to measure the IMT and internal diameter of arteries, and among them, dynamic programming and maximum gradient had the highest accuracy ([@A24691R32]). Loizou et al. ([@A24691R33]) used the dynamic programming algorithm to develop a computerized analyzing system to evaluate the boundaries of intima-media. Gutierrez et al. ([@A24691R34]) used an automatic method to measure lumen diameter and IMT based on an active contour technique. They compared the automatic measurement of lumen diameter and IMT with the results obtained from manual tracing of the vessels. They showed that the automated method was a reproducible and reliable way of assessing lumen diameter and IMT in the carotid artery. Cheng et al. ([@A24691R35]) proposed an automatic system to detect the IMT of the CCA using the snake techniques. They showed that computerized system had the potential to automatically detect the imtimal and adventitial layers without any manual correction. Jegelevicus et al. employed the dynamic programming and maximum-gradient algorithms to measure the IMT in a single frame, separately ([@A24691R8]). They suggested the use of maximum gradient for IMT measurement. But all of the above-mentioned studies used a computerized analysis method to detect lumen diameter or IMT in a single frame, and methods to make the actual measurements over the entire cardiac cycle to capture the mechanical nature of the vessel are sparse. Whereas, dynamic programming algorithm has a higher accuracy than a maximum gradient algorithm, but a maximum gradient algorithm has a lower computation complexity than a dynamic programming algorithm, the current study combined them to measure arterial diameter and IMT in CCA. The reference points and the cost function were based on dynamic programming and a maximum gradient algorithm, respectively. Few researches showed that changes in IMT happen during cardiac cycle ([@A24691R26], [@A24691R36]). Selzer et al. showed that IMT on the far wall of CCA was higher at the end of diastole than the peak of systole in 24 samples ([@A24691R6]). Polak et al. showed 5.3% reduction in carotid IMT and the average change of IMT was 0.04 mm with high resolution M-mode imaging ([@A24691R37]). The current study findings were in agreement with the above-mentioned studies.

A limitation of the study was that the translation movement of the CCA which came from the probe movement during scanning and suppression of artery pulsating movements were more complicated. However, the current study concluded that these movements were less.

The present study demonstrated that the proposed computerized analyzing method can provide accurate measurements of the far wall IMT on the CCA in sequential 2D ultrasonic images. By this method, not only the variation in the results of manual tracing by observers decreased, but also the duration of image processing was considerably reduced.
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